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ABSTRACT 
There is a large amount of conjecture surrounding the reliability of methods of 
balance assessment and the outcome variables used to assess balance in pediatric 
populations. There has also been limited research conducted on the balance ability of an 
athletic pediatric population, and the factors which may affect that ability. The purpose of 
this research is firstly to determine the reliability of postural sway measures used to assess 
balance including: average displacement of the centre of pressure in the mediolateral and 
anterior-posterior directions relative to both the centre of the plate and the centre of the 
base of support; peak to peak displacement in the mediolateral and anterior-posterior 
directions; total sway path length; average velocity; and, area of the 95th percentile ellipse. 
Secondly, this research will assess the influence of age, sex, leg dominance, body mass 
index, previous lower limb injury and sport participation specificity on static balance 
ability. A total of 85 subjects (44 males; 41 females) participated in this study. Each 
participant performed three trials of each condition in the following order: bilateral stance 
with eyes open, bilateral stance with eyes closed, left leg with eyes open, left leg with eyes 
closed, right leg with eyes open and right leg with eyes closed. Reliability of postural sway 
measures over the different conditions varied [Intratest Reliability: coefficient of variations 
(CV) = 2.13%- 115.90%; Test-retest reliability:% change in mean= 0.1%- 28.5%; CV = 
2.44% - 90.90%; intraclass correlation coefficient (ICC) = 0.14- 0.89]. Total path length, 
average velocity, the average deviation of the mediolateral centre of pressure from the 
centre of the base of support and the average deviation of the anterior-posterior centre of 
pressure from the centre of the base of support were the most reliable measures both within 
and between tests. In terms of the second study girls were found to have significantly better 
balance ability during single leg stance than boys (p<0.05). Balance was shown to improve 
significantly with age from 12 and 13 years to 15 years old, during the right leg stance with 
eyes open condition. For the majority of conditions no significant differences were found 
between dominant and non-dominant legs, subjects with and without recurrent injuries and 
subjects from different sports. The results of this study provide nonnative information for 
coaches, trainers and clinicians who work with athletic children. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Maintaining balance in both static and dynamic postures is important for performing 
fundamental motor skills, therefore it is a vital element in the everyday life of children 
(Atwater, Crowe, Deitz, & Richardson, 1990; Cherng & Chen, 2001; Figura, Cama, 
Capranica, Guidetti, & Pulejo, 1991; Overlock, 2006; Westcott, 1997). Balance is defined 
as the process of maintaining postural stability (Westcott, 1997). Postural stability refers to 
the ability to maintain the body's centre of gravity over its base of support with minimal 
sway (Geldhof et al., 2006; Westcott, 1997). Balance is often differentiated into two 
components - static and dynamic. Static balance involves maintaining postural stability 
whilst standing or sitting (Westcott, 1997). Dynamic balance involves the ability to control 
posture during movements such as walking, running or reaching for an object (Westcott, 
1997). 
Given the importance of balance during static. and dynamic movement it is 
imperative to have tests that are valid and reliable to assess balance in different populations 
(Geldhof et al., 2006). Most balance assessments are designed to quantify in some degree 
the contribution of the somatosensory, vestibular and visual systems which provide 
information that is used to help maintain balance (Emery, 2003). Common techniques used 
to assess static balance involve the measurement of time that a subject can remain standing 
on a stable or unstable surface, on one or both legs and with their eyes open or closed 
(Atwater et al., 1990; Broadstone, Westcott, & Deitz, 1993; Emery, 2003; Westcott, 1997). 
Other measures involve assessing the amount of postural sway or sway velocity, or scoring 
the subject's balance ability based on the number of instabilities, such as opening eyes 
during eyes closed stance; moving antis from the set position; touchdown of the non-stance 
foot during single leg stance; step, hop, or other movement of the stance foot or feet; lifting 
the forefoot or heel; or moving the hip into excessive flexion or abduction, over a set 
duration of time (Bressel, Yonker, Kras, & Heath, 2007; Fjortoft, 2000; Geldhof et al., 
2006; McGuine, Greene, Best, & Leverson, 2000; Wolff et al., 1998). 
Postural sway measures obtained on a force plate provide a reliable 
assessment of balance in the general population (Riemann, Guskiewics, & Shields, 1999; 
Rossiter-Fornoff, Wolf, Wolfson, & Buchner, 1995) however, limited studies have 
examined the reliability of postural sway measures of children obtained on a force plate. A 
study by Figura et al., (1991) examined postural stability of children on a force plate, 
however, did not complete any retesting assessments. Wolff et al., (1998) also tested 
postural stability of children on a force plate, using bilateral stance with eyes open and eyes 
closed. They examined measures of path length per second, average radial displacement, 
mediolateral amplitude, anterior-posterior amplitude, area per second of sway and 
frequency of sway. They found that on average the change between test and retest values 
was 15%, and all values were within two standard deviations of the mean for the given age 
group. However, they did not provide any standard reliability values. 
Many different measures of postural sway are used to assess balance ability. These 
include displacement of the centre of pressure in both mediolateral and anterior-posterior 
directions, maximum excursion of the centre of pressure, and postural sway velocity 
(Birmingham, 2000; Figura et al., 1991; Palmieri, Ingersoll, Stone, & Krause, 2002; Wolff 
et al., 1998). Due to the many outcome measures of postural sway available there is 
conjecture over which measures are the most appropriate and reliable in order to assess 
balance ability (Palmieri et al., 2002). 
A number of factors influence balance and therefore need to be taken into account 
when designing and/or interpreting balance assessments. Factors which may potentially 
influence balance ability are age, gender, leg dominance, height, weight, body mass index, 
foot size, footwear, previous injury, sport participation level, sport participation specificity 
and visual feedback (Clark, 1984; Emery, Cassidy, Klassen, Rosychuk, & Rowe, 2005; 
Fjortoft, 2000; Hahn, Foldspang, Vestergaard, & Ingemann-Hansen, 1999). 
Static balance ability has been shown to improve with age (Hirabayashi & Iwasaki, 
1995; Largo et al., 2001), with improvements in balance ability found in children up to 18 
years of age (Largo et al., 2001). Hahn et al., (1999) failed to demonstrate this relationship 
in athletes aged 14 to 24 years and Clark (1984) found no significant difference in children 
ranging in age from six to nine years. Fjortoft (2000) however found that in children aged 
five to seven years, balance is more dependent on age than on gender. 
Some studies have demonstrated a relationship between gender and balance with 
females demonstrating decreased postural sway and greater unilateral stance times than 
males (Fjortoft, 2000; Hattie, 1987). Other studies have failed to find any significant 
differences between gender and balance ability (Clark, 1984; Emery et al., 2005; Hahn et 
al., 1999; McGuine et al., 2000; Siegel, Marchetti, & Tecklin, 1991). 
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Factors which lower the centre of gravity such as increased mass should improve 
' 
balance ability (Clark, 1984). It is possible that subjects with a low body mass index (BMI) 
may have more difficulty maintaining balance, than subjects with a high BMI, due to 
having a higher centre of gravity (Allard, Nault, Rinse, LeBlanc, & Labelle, 2001; Farenc, 
Rbugier, & Berger, 2003). 
No significant difference has been found in balance ability between dominant and 
non dominant legs (Burdet & Rougier, 2007; Clark, 1984; Emery, Cassidy, Klassen, 
Rosychuk, & Rowe, 2005). These studies however, have not examined differences in the 
dominant and non dominant leg of athletic populations. Research revealing significant 
differences between the dominant and non dominant leg would support assessment prior to 
participation in high intensity activity in order to detect balance differences between the 
legs, and training to improve deficiencies and reduce the risk of injury. After injury, 
balance tends to be reduced in the injured leg due to loss of proprioceptor function 
(Katayama, 2004). During rehabilitation, balance assessment is common to make 
evaluations using the uninjured leg as the standard for comparison (Hoffman, Schrader, 
Applegate, & Koceja, 1998; Schmitz, 1998). More data is needed to determine if balance 
symmetry exists between the dominant and non-dominant legs prior to injury to accurately 
evaluate lower limb function while using the balance ability of the uninjured leg as the 
criterion measure. 
Balance ability has been shown to be significantly diminished in subjects who have 
a lower limb injury compared to those who are uninjured (Emery et al., 2005). It is difficult 
however, to determine if the diminished balance was present prior to injury, or is a result of 
the injury. In a study by McGuine et al., (2000) on a cohort of high school basketball 
players, preseason balance measurements (postural sway) were found to be a suitable 
measure of ankle sprain susceptibility. 
No significant association was found between hours of sport participation or type of 
sport played and balance ability in a study by Emery et al., (2005). However, Hahn et al., 
(1999) demonstrated that unilateral balance ability was not associated with type of sport 
played but was positively associated with hours of basketball played per week and number 
of years of basketball participation and negatively associated with hours of swimming. 
Currently, there is no 'gold standard' for the measurement of standing balance in the 
young active population (Emery et al., 2005). Furthermore few methods of assessing static 
balance are standardized or reliable (Westcott, 1997). This is further complicated by the 
3 
variety of equipment and variables used to quantify balance i.e. postural sway velocities in 
various planes, maximum excursion of centre of pressure, ground reaction forces and 
acceleration of postural sway movements (LeClair & Riach, 1996; Palmieri et al., 2002). 
Balance ability is used to assess rehabilitation progress and predict athletes who are 
at risk of ankle injury due to poor balance. Therefore, there is a need to further examine the 
reliability of balance assessments utilizing postural sway measures as outcome variables. 
The effect of factors including age, gender, body mass index, leg dominance and sports 
participation on balance ability also needs to be examined further in order to accurately 
assess the balance ability of athletic pediatric populations and develop normative data for 
this population. 
1.2 Significance of the Study 
This research is significant as there is a large amount of conjecture surrounding the 
reliability of methods of balance assessment and the outcome variables used to assess 
balance in pediatric populations. There has also been limited research conducted on the 
balance ability of an athletic pediatric population, and th~ factors which may affect that 
ability. The results of this research could have positive implications for those working with 
pediatric athletes such as clinicians, who wish to assess rehabilitation progress following a 
lower limb injury, and coaches and trainers who wish to assess the balance ability of their 
athletes, and monitor improvements following balance training. 
1.3 Purpose of the Research 
The purpose of this research is firstly to determine the reliability of postural sway 
measures used to assess balance in pediatric populations. These include: average 
displacement of the centre of pressure in the mediolateral arid anterior-posterior directions 
relative to both the centre of the plate and the centre of the base of support, peak to peak 
displacement in the mediolateral and anterior-posterior directions, total sway path length, 
average velocity and area of the 95th percentile ellipse. Secondly, this research will assess 
the influence of age, gender, leg dominance, body mass index, previous lower limb injury 
and spoti participation specificity on static balance. 
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1.4 Research Questions 
1. Are the postural sway measures commonly used to assess static balance reliable 
when assessing pediatric athletes? 
2. Is static balance ability influenced by age, gender, leg dominance, body mass index, 
previous lower limb injury or sport participation specificity? 
1.5 Assumptions, Limitations and Delimitations 
1.5.1 Limitations and Assumptions 
Limitations of this research project include the ability to directly control the 
physical activity of the subjects during the data collection time period; it is possible that 
physical activities extraneous to this study may affect balance ability. Subjects may also be 
influenced by boredom during the testing session, peer pressure, or limited attention span, 
which may influence the reliability of these measurements. 
1. 5.2 Delimitations 
The investigator imposed the subject delimitations of excluding subjects who have a 
lower limb injury. Subjects must be athletes aged between 12 to 17 years. The results of 
this study may not be directly applicable to other groups. 
1.6 Notes to Reader 
This thesis is presented as a literature review followed by two experimental papers. 
The literature review examines the reliability of different static balance assessment methods 
and outc;ome variables in assessing the static balance ability of children. It also examines 
factors which may influence balance ability. The first experimental paper examines the 
intratest and test-retest reliability, in an athletic pediatric population, of a number of 
postural sway measures obtained during bilateral and unilateral stances, with eyes open and 
eyes closed, performed on a force plate. The second experimental paper examines the 
influence of age, sex, leg dominance, body mass index, previous lower limb injury and 
sport participation specificity on static balance ability. These three papers are being 
submitted for publication as stand alone papers, therefore the thesis as a whole is repetitive 
in parts. 
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CHAPTER 2 REVIEW OF LITERATURE 
2.1 Introduction 
Maintaining balance in both static and dynamic postures is important for performing 
fundamental motor skills, therefore it is a vital element in the everyday life of children 
(Atwater et al., 1990; Cherng & Chen, 2001; Figura et al., 1991; Overlock, 2006; Westcott, 
1997). Balance is defined as the process of maintaining postural stability (Westcott, 1997). 
Postural stability refers to the ability to maintain the body's centre of gravity over its base 
of support with minimal sway. In terms of balance, it is generally divided into two 
categories - static and dynamic. Static balance involves maintaining postural stability 
(Geldhof et al., 2006; Westcott, 1997) whilst standing or sitting (Westcott, 1997). Dynamic 
balance involves the ability to control posture during movements such as walking, running 
or reaching for an object (Westcott, 1997). 
Given the importance of balance during static and dynamic movement it is 
imperative to have tests that are valid and reliably assess balance in different populations 
(e.g. pediatric)(Geldhof et al., 2006). Most balance assessm~nts are designed to quantify in 
some degree the contribution of the somatosensory, vestibular and visual systems which 
provide information that is used to help maintain balance (Emery, 2003). Common 
techniques used to assess static balance involve the measurement of time that a child can 
remain standing on a stable or unstable surface, on one or both legs and with their eyes 
open or closed (Atwater et al., 1990; Broadstone et al., 1993; Emery, 2003; Westcott, 
1997). Other measures involve assessing the amount of postural sway or sway velocity, or 
scoring !he child's' balance ability based on the number of instabilities (Fjortoft, 2000; 
Geldhof et al., 2006; McGuine et al., 2000; Wolff et al., 1998). 
Currently, there is no 'gold standard' for the measurement of standing balance in the 
young active population (Emery et al., 2005). Furthermore few methods of assessing static 
balance are standardized or reliable (Westcott, 1997). This is further complicated by the 
variety of equipment and variables measured to quantify balance i.e. postural sway 
velocities in various planes, maximum excursion of centre of pressure, ground reaction 
forces and acceleration of postural sway movements (Le Clair & Riach, 1996; Palmieri et 
al., 2002). There is also a lack of normative results for children available for the majority of 
· the assessment method~> (Geldhof et al., 2006). With these limitations in mind, the aim of 
this article is to review the literature that has specifically assessed balance in pediatric 
6 
subjects and thereafter recommend what assessments and variables are best suited for 
quantifying static balance in this population. Providing normative data specific to these 
tests is also a key focus of the review. 
2.2 Methods 
To examine the reliability of static balance tests used to assess balance in pediatric 
populations and find normative data a systematic literature search was performed. 
Search strategy for literature: One researcher independently searched the electronic 
databases ofPubMed, MEDLINE, Meditext, ProQuest, SPORTDiscus, Web of Science and 
Google Scholar years 1984-2007. The following keywords were used in different 
compositions: static balance, postural stability, assessment, tests, ability, reliability, 
normative data, reference data, 
Selection method of the studies gathered during the literature search: One reviewer 
carried out the selection of studies in two consecutive screening phases. The first phases 
consisted of selecting articles based on the title and abstract. The second phase involved 
applying the selection criteria to the full-text articles. Stu~ies were chosen if they fulfilled 
the following three selection criteria: 1) the study used a static balance test; 2) the subjects 
of the study were from the pediatric population; and, 3) the study had to have been written 
in the English language and must have been published as a full-text article in a peer-review 
journal. Abstracts were not included. 
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2.4 Description and Reliability of Tests 
2.4.1 The modified Clinical Test of Sensory Interaction for Balance (mCTSIB) 
Description: The modified Clinical Test of Sensory Interaction for balance 
(mCTSIB) is similar to the Pediatric Clinical Test of Sensory Interaction for Balance. The 
test is typically performed using the Balance Master system and consists of four bilateral 
stance trials with differing conditions including standing bilaterally with eyes open and 
with eyes closed on a firm and a foam surface. Each trial lasts ten seconds (Cools et al., 
2001; Geldhof et al., 2006). The centre of gravity sway velocity is estimated from the 
centre of pressure velocity, based on the subject's height and is examined for each trial in 
order to assess balance ability. 
Logical Validity: The mCTSIB implements trials which are similar to conditions 
children face when playing on equipment in a playground or riding on a bus, train or boat. 
Reliability: Sway velocity of the centre of gravity is the outcome measure of the 
mCTSIB. Test-retest reliability in children aged 9 to 10 years ranged from poor to excellent 
(ICC = 0.37 - 0.77; 95%CI = -0.09 - 0.91) when three trials were utilized (Geldhof et al., 
2006). Reliability was improved when the reliability of different conditions were combined 
to provide an overall reliability score (ICC= 0.77; 95%CI = 0.47- 0.91) (Geldhof et al., 
2006). It appears that these are relatively simple tests for typically developing children to 
perform but due to the moderate test-retest values these tests are not suitable for evaluative 
purposes. 
Normative Data: Normative data has been developed for children aged four to five 
years and children aged nine to ten years on the mCTSIB (Cools et al., 2001; Geldhof et al., 
2006), which can be observed in Table 2.2. 
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2.4.2 One Leg Standing Balance Tests 
Description: One leg standing balance tests are commonly used to assess static 
balance ability in children. Tests such as the Bruininks-Oseretsky Test of Motor 
Proficiency (BOTMP) include standardized procedures for the measurement of one-leg 
standing balance in children (Hassan, 2001; Hattie, 1987; Siegel et al., 1991). These tests 
require a child to maintain a certain one-legged standing posture for a period of time. 
Examiners may measure the length of time for which a child can remain stable, the amount 
of postural sway, sway velocity, or the number of instabilities present during the test 
(Atwater et al., 1990; Emery et al., 2005; Fjortoft, 2000). Many different stances are used 
including one-leg standing on the floor, one-leg standing on a balance beam, stork balance 
in which the foot of the unsupported leg is placed against the side of the knee of the 
supported leg, and one-leg standing balance on a balance board. These may all be 
performed with eyes both open and closed (Atwater et al., 1990; Emery et al., 2005). While 
performing these stances the child may be required to place their arms by their sides, cross 
their arms, place their hands on their hips, or hold their arms straight above their head. 
Children may be asked to look straight ahead or focus on a target placed on a wall in front 
of them (Atwater et al., 1990; Emery et al., 2005). 
Logical Validity: Children balance on one leg during everyday life when reaching 
up for an object, kicking a ball, or stretching before physical activity. Unilateral balance 
tests examine the ability of a child to perform these tasks. 
Reliability: Timed one-legged static balance measurements examined in various age 
groups demonstrate variable test-retest reliability (eyes open, ICC= 0.508; rs = 0.25 - 1.00; 
eyes closed, ICC= 0.636- 0.69; rs = 0.59- 0.77) (Atwater et al., 1990; Emery et al., 2005; 
Largo et al., 2001; McGuine et al., 2000). Interrater reliability (eyes open and closed) is 
more consistent across studies (rs= 0.96- 0.99) (Atwater et al., 1990; Largo et al., 2001). 
2.4.3 Force Platform Balance Tests 
Description: Balance tests performed on force platforms follow similar protocols to 
those developed for single leg balance tests. Tests are performed in either a closed or open 
bilateral stance, Romberg stance (one foot in front of the other, heel to toe), or unilateral 
stance, with eyes open or closed, and on a firm or foam surface (McGuine et al., 2000). 
Subjects are instructed to stand as still as possible. The duration of trials is set as a fixed 
12 
time ranging from 10 seconds to one minute (McGuine et al., 2000). Force platforms 
provide various measures used to quantify balance, including total displacement of the 
centre of pressure, postural sway velocity and ground reaction forces (Birmingham, 2000; 
Figura et al., 1991; Palmieri et al., 2002; Wolff et al., 1998). Although the force platform 
has been widely used in studies concerning the postural control in adults, very few studies 
have been conducted using this technique for the quantification of postural stability in 
children (Figura et al., 1991). 
Logical Validity: Bilateral balance tests performed on a force platform mimic static 
balance which is needed in order for children to complete simple functional tasks such as 
reaching for an object or walking (Figura et al., 1991; Wolff et al., 1998). More challenging 
tests, such as those performed with eyes closed or on a foam surface are more closely 
related to functional performance, such as balancing on one leg while kicking a ball with 
the other leg, and may be of greater use when assessing athletic subjects (Figura et al., 
1991; Wolff et al., 1998). 
Reliability: A study by Figura et al., (1991) examined postural stability of children 
on a force plate, however did not complete any retesting .assessments. Wolff et al., (1998) 
also tested postural stability of children on a force plate, using bilateral stance with eyes 
open and eyes closed. They examined measures of path length per second, average radial 
displacement, mediolateral amplitude, anterior-posterior amplitude, area per second of 
sway and frequency of sway. They found that on average the change between test and retest 
values was 15% and all values were within two standard deviations of the mean for the 
given age group. However, they failed to provide any standard reliability values . 
. Normative Data: Normative data for a unilateral stance test performed on the 
Balance Master system, measuring centre of gravity sway velocity has been developed for 
children aged four and five years (Cools et al., 2001) which is described in Table 2.3. 
Normative data is also available for children aged fiveto 18 years using a bilateral stance 
test on a force plate (Wolff et al., 1998) as shown in Table 2.4. 
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2.4.4 Tlte Pediatric Balance Scale (PBS) 
Description: The Pediatric Balance Scale (PBS) is a modification of Berg's Balance 
Scale. It was developed as a balance measure for school-age children with mild to moderate 
motor impairments (Franjoine et al., 2003). The test is quick and easy to use and does not 
require any specialized equipment (Franjoine et al., 2003). It includes the following static 
· balance tasks: standing unsupported, standing with eyes closed, standing with feet together, 
standing with one foot in front of the other and standing on one foot (Franjoine et al., 
2003). The child is scored based on the amount of time that they can maintain each stance 
up to a maximum of30 seconds (Franjoine et al., 2003). 
Logical Validity: The test uses many different stances that children are likely to use 
during movements of everyday life. 
Reliability: The outcome measure provided by the PBS is a score based on the 
length of time that the subject can maintain a given stance (Franjoine et al., 2003). The test 
has been shown to have good interrater reliability (ICC = 0.997) and also good test-retest 
reliability (ICC= 0.998; k = 0.87-1.0; r8 = 0.89-1.0) (Fra!ljoine et al., 2003). This suggests 
that the PBS is suitable for examining measures of functional balance in children with 
moderate motor impairment. 
2.4. 5 Summary 
Every test should include a statement regarding its reliability. Interrater and test 
retest reliabilities, on most current standing balance measures, are either not reported or 
reported to be low (Birmingham, 2000). When reporting test retest reliability, studies 
should report the: 1) percent change between testing occasions; 2) a measure of relative 
consistency such as an intraclass correlation coefficient (ICC); and, 3) a measure of 
absolute consistency such as the standard error of measurement (SEM) or, coefficient of 
variation (CV) (Atkinson & Nevill, 1998; Birmingham, 2000; Weir, 2005). None of the 
articles reviewed reported all three measures of reliability. Some studies use only intraclass 
correlation coefficients, while others use Spearman rank correlation coefficients (r8) or 
Pearson product moment correlation coefficients (rp). It would appear that in terms of 
quantifying the reliability of various balance assessments, the literature is limited. 
Tests measuring sway velocity and the PBS seem to be the most reliable, however 
the PBS was administered to subjects with mild to moderate motor impairment (Franjoine 
16 
et al., 2003). Sway velocity measures have been found to be more reliable when compo.site 
measures of left and right legs are used as opposed to analyzing each leg separately. The 
reliability of tests using postural sway measurements are improved when the duration of 
trials is between 20 to 30 seconds (Le Clair & Riach, 1996). Assessments implementing 
three trials have been shown to have comparative reliability to assessments using ten trials 
(Wolff et al., 1998). Fewer trials reduce the effect of changes due to fatigue or lack of 
concentration in children and no differences between trials due to learning effect have been 
shown to occur (Wolff et al., 1998). 
2.5 Factors Influencing Balance 
The reader needs to be cognizant of the fact that a number of factors influence 
balance and therefore need to be taken into account when designing and/or interpreting 
balance assessments. Factors which could potentially influence balance ability are gender, 
age, leg dominance, height, weight, body mass index, foot size, footwear, previous injury, 
sport participation level, sport participation specificity and visual feedback (Clark, 1984; 
Emery et al., 2005; Fjortoft, 2000; Hahn et al., 1999). 
Age: Static balance ability has been shown to improve with age (Hirabayashi & 
Iwasaki, 1995; Largo et al., 2001), with improvements in balance ability found in children 
up to 18 years of age (Largo et al., 2001). Hahn et al., (1999) found no improvements with 
age in athletes aged 14 to 24 years and Clark (1984) found no significant difference in 
children ranging in age from six to nine years. Fjortoft (2000) however, found that in 
children aged five to seven years, balance is more dependent on age than on gender. 
c Gender: Some studies have demonstrated a relationship between gender and balance 
in subjects aged five to seven with females demonstrating decreased postural sway and 
greater unilateral stance times than males (Fjortoft, 2000). Other studies have failed to 
demonstrate any significant relationship between gender and balance ability in subjects 
aged 6 to 24 (Clark, ~984; Emery, 2005; Hahn et al., 1999; McGuine et al., 2000). 
Leg dominance: No significant difference has been found in balance ability between 
the dominant and non dominant leg (Burdet & Rougier, 2007; Clark, 1984; Emery, 2005). 
However, these studies have not examined differences in balance based on leg dominance 
in athletes. 
Base of support: An increased base of support, due to larger foot size or bilateral 
compared to unilateral standing should result in improved balance ability. Clark (1984) 
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found that the size of the base of support significantly affected the unilateral balance ability 
of children aged 6 to 9 years. 
Footwear: It has been demonstrated that balance is related to the properties of shoe 
soles (Robbins, 1997). It was found that increasing midsole hardness and decreasing 
midsole thickness led to improved balance. It has also been shown that subjects with 
pronated or supinated feet have inferior stability than those with neutral feet (Tsai, 2006). 
Previous injury: Balance ability has been shown to be significantly diminished in 
subjects who have a lower limb injury compared to those who are uninjured (Emery et al., 
2005). 
Sports participation: No association was found between hours of sport participation 
or type of sport played and balance ability in a study by Emery et al., (2005). Hahn et al., 
(1999) repotied that unilateral balance ability was not associated with type of sport played 
but was positively associated with hours of basketball played per week and number of years 
of basketball participation and negatively associated with hours of swimming. Static 
balance ability has been shown to be related to performance of fundamental movement 
skills including kicking and jumping (Overlock, 2006). 
Visual feedback: Balance has been shown to improve when subjects focus on a 
stationary target as opposed to watching a moving object or looking at a blank wall (Clark, 
1984; Schulmann, 1987). 
2.6 Practical Recommendations 
• Trials should be of 20 to 30 second as these have been found to be the most reliable 
durations. 
• Allow familiarization trials followed by three trials per test in order to eliminate 
learning effect and reduce fatigue. 
• Retesting should take place approximately one week after initial testing. 
• Composite measures should be used when possible as these have greater reliability. 
• Tests performed on a force platform measuring postural sway outcomes are the 
most reliable in order to assess balance ability in pediatric populations. 
• Caution should be taken when using time as an outcome measure of balance tests. 
Normally developing children are often able to balance for the maximum time of 
the test and therefore a ceiling effect can reduce reliability. 
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2.6 Conclusion 
Maintenance of static balance is a vital element in the everyday life of children as it 
is necessary in order to perform fundamental motor skills. Few standardized tests are 
available to assess static balance ability in pediatric populations that are valid and the few 
tests that are available for the most part have not had their reliability quantified in a 
systematic manner. Further research is needed on the reliability of the available assessment 
methods and thereafter normative data developed for pediatric populations. 
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CHAPTER 3 STUDY 1 
RELIABILITY OF POSTURAL SWAY MEASURES IN ASSESSING BALANCE 
ABILITY IN PEDIATRIC POPULATIONS 
3.1 Introduction 
Maintaining balance in both static and dynamic postures is important for performing 
fundamental motor skills, therefore it is a vital element in the everyday life of children 
(Atwater et al., 1990; Cherng & Chen, 2001; Figura et al., 1991; Overlock, 2006; Westcott, 
1997). Balance is defined as the process of maintaining postural stability (Westcott, 1997). 
Postural stability refers to the ability to maintain the body's centre of gravity over its base 
of support with minimal sway (Geldhof et al., 2006; Westcott, 1997). In terms of balance, it 
is generally divided into two components - static and dynamic .. Static balance involves 
maintaining postural stability whilst standing or sitting (Westcott, 1997). Dynamic balance 
involves the ability to control posture during movements such as walking, running or 
reaching for an object (Westcott, 1997). 
Given the importance of balance during static and dynamic movement it is 
imperative to have tests that are valid and reliably assess balance (Geldhof et al., 2006). 
Common techniques used to assess static balance involve the measurement of time that a 
subject can remain standing on a stable or unstable surface, on one or both legs and with 
their eyes open or closed (Atwater et al., 1990; Broadstone et al., 1993; Emery, 2003; 
Westcott, 1997). Other measures involve scoring a subjects balance ability based on the 
number of instabilities or assessing the amount of postural sway or sway velocity (Fjortoft, 
2000; Geldhof et al., 2006; McGuine et al., 2000; Wolff et al., 1998). 
·Assessments which measure postural sway are commonly performed on force 
platforms. Many different measures of postural sway are used to assess balance ability. 
These include displacement of the centre of pressure in both mediolateral and anterior-
posterior directions, maximum excursion of the centre of pressure, and postural sway 
velocity (Birmingham, 2000; Figura et al., 1991; Palmieri et al., 2002; Wolff et al., 1998). 
Postural sway measures obtained on a force plate provide a reliable assessment of balance 
in the general population however limited studies have examined the reliability of postural 
sway measures of children obtained on a force plate. A study by Figura et al., (1991), 
examined postural stability of children on a force plate however, did not complete any 
retesting assessments. Wolff et al., (1998) also tested postural stability of children on a 
force plate, using bilateral stance with eyes open and eyes closed. They examined measures 
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of path length per second, average radial displacement, mediolateral amplitude, anterior-
posterior amplitude, area per second of sway and frequency of sway. They found that on 
average the change between test and retest values was 15%, and all values were within two 
standard deviations of the mean for the given age group. However, they did not provide any 
standard reliability values. 
The research in this area has provided limited reliability statistics and the stability of 
measures across all conditions that are typically tested (i.e. eyes open and closed; bilateral 
and unilateral; dominant and non-dominant legs) have yet to be quantified. Furthermore 
due to the many outcome measures of postural sway available there are conflicting views as 
to which measures are the most appropriate and reliable in order to assess balance ability 
(Palmieri et al., 2002). Therefore, the purpose of this study is to assess the intratest and test-
retest reliability of a number of postural sway measures obtained during bilateral and 
unilateral stances, with eyes open and eyes closed, performed on a force plate. 
3.2 Methods 
3.2.1 Subjects 
A total of 29 subjects (10 males; 19 females) participated in this study. Subjects 
were athletes who participate in badminton, netball, soccer, bowling, sailing or track and 
field (sprinting), (age: 14±1.2 yrs; height: 164.9±6.8 em; weight 55.6±8.7 kg). Inclusion 
criteria were that subjects must be talented athletes aged between 12 to 17 years who did 
not have a current lower limb injury. 
The Human Research Ethics Committee of Edith Cowan University approved all 
p1~ocedures prior to commencing the study. All subjects and their parent/guardian were 
required to read the information letter and sign an informed written consent form before 
patticipating in the study. 
3.2.2 Procedures 
All participants completed the same number of trials in identical order. Each 
participant performed three trials of the six conditions in the following order: bilateral 
stance with eyes open, bilateral stance with eyes closed, left leg with eyes open, left leg 
with eyes closed, right leg with eyes open and right leg with eyes closed. All trials were 
performed while standing on an AMTI AccuswayPLUS Balance Platform© (Advanced 
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Mechanical Technology, Inc., Watertown, MA) and data was collected using AMTI 
Balance Trainer software (Advanced Mechanical Technology, Inc., Watertown, MA), at a 
collection rate of 100 Hz for a 30s duration (Le Clair & Riach, 1996). Participants were 
asked to remove footwear, socks, heavy clothing and accessories. Foot position was 
standardized by placing markers around the subjects feet. During unilateral stance foot 
position was the same as that of the bilateral stance. The same investigator issued 
instructions, performed foot placement and subsequent force platform calibration for all 
participants. Prior to performing the balance test, the children's age and basic 
anthropometrical data were recorded. Weight was assessed to the nearest 0.1 kg on a set of 
scales (Universal Weight Enterpris~, Beijing, China). Height was measured to the nearest 1 
mm using a wall-mounted stadiometer (Seca, Hanover, Germany). 
Before each of the balance trials the subject was asked to assume a comfortable 
stance on the force platform. The subject was instructed to place hands by their sides, focus 
on a visual target, aligned at eye level and located two metres in front of the platform and 
remain as still as possible throughout the trial (Hoffman et al., 1998; Lafond, 2004; Rogind, 
Simonsen, Era, & Bliddal, 2003). After a verbal signal from the subject indicating he or she 
was in a comfortable stance, on one or both limbs and with eyes open or closed as required, 
the trial was initiated. Single leg stance was performed with self selected hip and knee 
angles of the non stance leg. Contact was not allowed between the non stance limb and the 
stance limb. Toe touches of the non-stance limb on the force plate were allowed. Subjects 
were allowed recovery periods by assuming a bilateral stance for up to 45 seconds between 
trials (Birmingham, 2000; Burdet & Rougier, 2007; McGuine et al., 2000). Subjects were 
retested seven to eight days from the initial testing session. 
3.2.3 Outcome Variables 
The variables analysed from the clinical trials as calculated by the operating 
software program (Balance Trainer), are described below. 
X A vg: The average mediolateral displacement from the platform center. 
Y A vg: The average anterior-posterior displacement from the platform center. 
X Range: The range ofmediolateral displacement from the platform center. 
Y Range: The range of anterior-posterior displacement from the platform center. 
X D A vg: The average deviation of the mediolateral data from the center of the base of 
support (BOS). 
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Y D A vg: The average deviation of the anterior-posterior data from the center of the base of 
support. 
Path Length: The path length for the duration of the trial. 
A vg Velocity: The path length per unit time. 
Area95: The area of the 95th percentile ellipse (the area which encompasses 95% of the 
data points if the data is normally distributed). 
3.2.4 Statistical Analysis 
The data obtained was analysed using Microsoft Excel. The results from the best 
two ofthe three trials were analysed. Coefficient ofvariations (CV = SD/Mean x 100) were 
used to quantify absolute consistency within trials and between testing days. The percent 
change in the mean was calculated between testing occasions. Intraclass correlation 
coefficients were used as a measure of relative consistency between testing occasions. 
3.3 Results 
3.3.1 Intratest reliability 
The intratest reliability measures of the variables for each of the six balance 
conditions are shown in Tables 3.1 - 3.6. The most variable, least reliable measure was the 
average mediolateral displacement from the platform center (CV = 2.13%- 115.96%). The 
variables that exhibited acceptable within trial reliability across the six balance conditions 
were: 1) the total path length (CV = 3.14%- 10.26%); 2) average velocity (CV = 3.13%-
10.26%); 3) the average deviation of the mediolateral centre of pressure from the centre of 
the base of support (CV = 7.62% - 17.71 %); 4) the average deviation of the anterior-
posterior centre of pressure from the centre of the base of support (CV = 7.86%- 16.41 %). 
3.3.2 Test-retest reliability 
The postural sway measures examined had differing test-retest reliability values as 
shown in Tables 3.1 - 3.6. The most variable, least reliable measure was the average 
mediolateral displacement from the platform center (% change in mean = 0.1% - 16.5%; 
CV = 2.44%- 90.92%; ICC = 0.14- 0.83). The variables that exhibited acceptable test-
retest reliability across the six balance conditions were: 1) the total path length(% change 
in mean= 1.3%- 4.6%; CV = 5.03%- 9.89%; ICC= 0.74- 0.89); 2) average velocity(% 
change in mean= 1.4%- 4.6%; CV = 5.0% - 9.89%; ICC= 0.74- 0.89); 3) the average 
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deviation of the mediolateral centre of pressure from the centre of the base of support (% 
change in mean= 1.3%- 12.7%; CV = 7.87%- 16.74%; ICC= 0.49- 0.74); and, 4) the 
average deviation of the anterior-posterior centre of pressure from the centre of the base of 
support(% change in mean- 0.5%- 11.3%; CV = 9.81%- 21.38%; ICC== 0.49- 0.75). 
3.3.3 Conditions 
Trials implementing unilateral stance were slightly more reliable than bilateral 
stance trials. The average mediolateral displacement from the platform center was a reliable 
measure during unilateral stance trials (ICC= 0.64- 0.83; CV = 2.44%- 7.96%) but 
showed poor reliability during bilateral stance trials (ICC= 0.14- 0.16; CV = 21.7%-
90.92%). Conversely the average anterior-posterior displacement from the platform center 
was more reliable during bilateral stance (ICC= 0.71- 0.80; CV = 13.28%- 16.47%) than 
unilateral stance (ICC= 0.554- 0.709; CV = 23.16%- 28.03%). There was no major 
difference in reliability between trials with eyes open compared to those with eyes closed. 
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3.4 Discussion 
To determine the measurement error associated with the balance assessment a 
number of reliability measurements were used. A coefficient of variation (CV) was 
calculated to determine the stability of measurement between the trials on the same day and 
between days; such an approach is common in the literature. Some scientists have 
arbitrarily chosen an analytical goal of the CV being 10% or below, but the merits of this 
value are the source of conjecture (Atkinson & Nevill, 1998). Nonetheless, those variables 
that approximated this 10% threshold within and between days were total path length (CV 
= 3.14%- 10.26%) and average sway velocity (CV = 3.13%- 10.26%). 
Though there are no preset standards for acceptable ICC measures, they were 
interpreted as follows: excellent (0.75- 1.0), modest (0.4- 0.74), or poor (0- 0.39) (Fleiss, 
1986). Walmsley and Amell (1996) suggested that ICC values above 0.75 may be 
considered reliable and this index should be at least 0.90 for most clinical ~pplications. 
Those measures that were found to score greater than· 0.75 between testing occasions 
included total path length (ICC= 0.74- 0.89) and average sway velocity (ICC = 0.74-
0.89). 
Limited studies have examined the reliability of postural sway measures obtained 
, on a force plate using a pediatric population. A study by Figura et al., (1991) examined 
postural stability of children on a force plate however, did not complete any retesting 
assessments. Wolff et al., (1998) also tested postural stability of children on a·force plate, 
using bilateral stance with eyes open and eyes closed. They examined measures of path 
length per second, average radial displacement, mediolateral amplitude, anterior-posterior 
amplitude, area per second of sway and frequency of sway. They found that on average the 
change between test and retest values was 15%, and all values were within two standard 
deviations of the mean for the given age group. However, they did not provide any standard 
reliability values. In the present study the average change between test and retest values 
was 4.9%. This suggests that the measures used in this study are more reliable in assessing 
static balance ability in children or that the athletic population assessed has much more 
consistent balance. 
Though the subjects used by Le Clair et al., (1996) were much older than this 
sample (19- 32 years), they found th.at measures of deviation of the centre of pressure in 
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both mediolateral and anterior-posterior planes, average velocity, and measures of mean 
force were reliable in test-retest situations when using both bilateral and unilateral stances 
under eyes open and eyes closed conditions. These results are similar to the results of this 
study with total path length, average velocity and the average deviation of the centre of 
pressure in both mediolateral and anterior-posterior planes from the centre of the base of 
support showing acceptable test-retest reliability. 
3.4.1 Factors Which May Affect Reliability 
Many other factors can affect the reproducibility of postural outcomes and therefore 
the reliability of postural sway measures, such as the time of the test, motivation, 
concentration, fatigue, emotional state and relationship with the tester (Birmingham, 2000; 
Geldhof et al., 2006). Therefore, in the current study measurement order, testing sequence, 
tester and surrounding factors were identical during the two sessions in order to minimize 
variations between test and retest measurements. Reliability of tests of postural sway are 
improved when the duration of trials is between 20 to 30 seconds (LeClair & Riach, 1996), 
and assessments implementing three trials have been shown to have comparative reliability 
to assessments using ten trials (Wolff et al., 1998). To improve reliability this study 
implemented three trials of each condition, each lasting 30 seconds in duration, with the 
best two trials being analysed. Poor reliability values may be due to the inherent variability 
in balance performance and not to the test protocol. 
3.4.2 Practical Implications 
This study found that a number of measures of postural sway have acceptable 
reliability within tests and between tests for pediatric populations aged between 12 and 17 
years. These include total path length, average velocity, the average deviation of the 
mediolateral centre of pressure from the centre of the base of support and the average 
deviation of the anterior-posterior centre of pressure from the centre of the base of support. 
However, it should be realized that different measures provide information on different 
aspects of postural stability (Goldie, Bach, & Evans, 1989). Centre of pressure variability is 
believed to be a measure of central postural control mechanisms (Murray, Seireg, & Sepic, 
1975) and differences in the velocity of sway path may be caused by the postural control 
strategy, degree of hip or ankle strategy, used in order to maintain postur,al stability (Riach 
& Starkes, 1994). Therefore, it is important to consider the information that is required 
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when choosing which outcome measures are used when assessing balance (Le Clair & 
Riach, 1996). 
3.5 Conclusion 
Maintenance of static balance is a vital element in everyday life. Many measures of 
postural sway obtained by performing balance tests on a force plate are available; however 
previously no consensus as to which measures are most appropriate and reliable for 
assessing static balance across conditions has been quantified. This study found that total 
path length, average velocity, the average deviation of the mediolateral centre of pressure 
from the centre of the base of support and the average deviation of the anterior-posterior 
centre of pressure from the centre of the base of support were the most reliable measures 
both within and between tests for the pediatric sample used in this research. It should be 
realized however, that the poor reliability values recorded for some variables may be due to 
the inherent variability in balance performance and not necessarily attributed to the test 
protocol itself. Therefore those interested in balance assessment need to be cognizant of 
these limitations and quantify the reliability of the balance measures used specific to the 
sample of interest. 
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CHAPTER 4 STUDY 2 
STATIC BALANCE ABILITY IN AN ATHLETIC PEDIATRIC POPULATION 
4.1 Introduction 
Balance is a prerequisite for many fundamental motor skills and is therefore a vital 
element in the everyday life of children (Atwater et al., 1990; Cherng & Chen, 2001; Figura 
et al., 1991; 1998; Overlock, 2006; 1997) and is defined as the process of maintaining 
postural stability (Westcott, 1997). Postural stability refers to ~he ability to maintain the 
body's centre of gravity over its base of support with minimal sway (Geldhof et al., 2006; 
Westcott, 1997). In terms of balance, it is generally divided into two components - static 
and dynamic. Dynamic balance involves the ability to control posture during movements 
such as walking, running or reaching for an object (Westcott, 1997). Static balance involves 
maintaining postural stability whilst standing or sitting (Westcott, 1997) and provides the 
focus for this paper. 
Static balance assessments are commonly used in the athletic pediatric population to 
assess improvements following balance training, identify individuals who are at risk of 
injury due to poor balance and to assess rehabilitation progress following a lower limb 
injury (Emery, 2005; Gioftsidou et al., 2006; McGuine et al., 2000; Schmitz, 1998; 
Soderman, Werner, Pietial, Engstrom, & Alfredson, 2000; Yaggie & Campbell, 2006). 
Although there are large inter-individual differences in balance ability, the availability of 
normative data would assist in the identification of individuals at risk of injury. However, 
there is currently a lack of normative data available for the static balance ability of the 
pediatric population, particularly the athletic pediatric population. 
A number of factors infh1ence balance and therefore need to be taken into account 
when interpreting balance assessments. Factors which may potentially influence balance 
ability are gender, age, leg dominance, height, weight, foot size, footwear, previous injury, 
sport participation level, sport participation specificity and visual feedback (Bressel et al., 
2007; Clark, 1984; Emery et al., 2005; Fjortoft, 2000; Geldhof et al., 2006; Geuze, 2003; 
Hahn et al., 1999; Hoffman & Nakagawa, 2004; Ross & Guskiewicz, 2004; Wolff et al., 
1998). Some studies have reported a relationship between gender and balance with females 
demonstrating decreased postural sway and greater unilateral stance times than males 
(Fjortoft, 2000; Geldhof et al., 2006; Hattie, 1987). Other studies have failed to find any 
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significant differences between gender and balance ability (Clark, 1984; Emery et al., 2005; 
Hahn et al., 1999; McGuine et al., 2000; Siegel et al., 1991). 
Postural sway measures such as path length, sway velocity and area of sway path, 
have been shown to decrease with age (Geuze, 2003; Wolff et al., 1998). The findings of 
Hahn et al., (1999) however, did not find any difference in balance ability in athletes aged 
14 to 24 years and Clark (1984) also found no significant difference in children ranging in 
age from six to nine years. The maturation of the subjects would no doubt have some 
influence on balance ability. The variability of balance ability between age groups may be 
related to the subject's vestibular, visual and somatosensory systems development or 
developmental age , and not necessarily their chronological age (Hertel, Braham, Hale, & 
Olmsted-Kramer, 2006). Information provided by these systems is utilized in order to 
maintain standing balance (Cherng & Chen, 2001; Geldhof et al., 2006; Geuze, 2005; 
Sparto et al., 2006). The development of these three systems is thought to mature with age, 
with some believing that adult like maturity is developed by seven to ten years (Westcott, 
1997), while others have found improvements in static balance ability up to the age of 18 
years (Largo et al., 2001). 
Limited research has been performed on the influence of anthropometric factors on 
balance. Nolan et al., (2005) found no relationship between balance and anthropometric 
measures in children aged 9 to 16 years. Geldhof et al., (2006) however, found that in 
children aged 9 to 10 years, BMI was a significant covariate for balance tests performed on 
a foam surface but not for tests performed on a stable surface. Differences in balance ability 
based on BMI may not necessarily be due to differences in height and weight of subjects 
but may be a result of children with high BMis undertaking less physical activity and 
therefore having less opportunity to train balance (Mo-suwan, Pongprapai, Junjana, & 
Puetpaiboon, 1998; Overlock, 2006). 
No significant difference has been found in balance ability between dominant and 
non dominant legs in pediatric populations (Clark, 1984; Emery, Cassidy, Klassen, 
Rosychuk, & Rowe, 2005). These studies however, have not examined differences in the 
dominant and non dominant leg of athletic populations. It may be that because of the 
particular sport involvement (e.g. sports involving kicking a ball) one leg is significantly 
stronger than the other and/or the stance leg during kicking is used more so for balance. 
Therefore, imbalances may exist in these qualities between legs (McCurdy & Langford, 
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2006). Fmthermore it is more likely that athletic populations sustain sport related injuries. 
After injury, balance tends to be reduced in the injured leg due to loss of proprioceptor 
function (Katayama, 2004). More data is needed to determine if balance symmetry exists 
between the dominant and non-dominant leg in athletic populations. 
Static balance ability has been shown to be related to performance of fundamental 
movement skills including kicking and jumping (Overlock, 2006). Therefore, it is possible 
that balance ability is also related to sports participation. There are limited studies focusing 
on differences in balance ability between athletes from different sports (Bressel et al., 
2007). No association was found between hours of sport participation or type of sport 
played and balance ability in a study by Emery et al., (2005). Hahn et al., (1999) reported 
that unilateral balance ability was not associated with type of sport played but was 
positively associated with hours of basketball played per week and number of years of 
basketball participation and negatively associated with hours of swimming. In contrast 
Bressel et al., (2007) found that basketball players had inferior balance compared to soccer 
players and that there was no difference in balance ability between soccer players and 
gymnasts. Static balance ability has been shown to· be related to performance of 
fundamental movement skills including kicking and jumping (Overlock, 2006). Given the 
limitations, conjecture and equivocality in the literature, the purpose of this study is to 
examine the effect of gender, age, body mass index, leg dominance, previous injuries, and 
sports participation specificity on the static balance ability of an athletic· pediatric 
population and as a result provide normative data for this population. 
4.2 M~thodology 
4.2.1 Subjects 
Subjects for this study were recruited from the Singapore Sport School. Eighty five 
children ranging in age from 12 to 17 years participated in the study (males: age= 14±1.15 
yrs; height= 169±0.07 em; weight= 59.6±9.68 kg; females: age= 14±1.14 yrs; height= 
162±0.07 em; weight = 53.1±5.60 kg). These children were athletes who participated in 
badminton, netball, soccer, bowling, sailing or track and field (sprinting). Ethical approval 
from the Faculty of Human Research Ethics Committee of Edith Cowan University and the 
Singapore Sport School was sought prior to commencing the study. All subjects, and their 
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parent or guardian, were required to read the infotmation letter and sign an informed 
written consent form before participating in the study. 
4.2.2 Procedures 
The balance assessment consisted of three stance conditions, bilateral, left leg and 
right leg, and two vision conditions, eyes open and eyes closed. Each· subject performed 
three trials of the six conditions in the following order: bilateral stance with eyes open, 
bilateral stance with eyes closed, left leg stance with eyes open, left leg stance with eyes 
closed, right leg stance with eyes open and right leg stance with eyes closed. All trials were 
performed while standing on an AMTI Accuswa/ws Balance Platform© (Advanced 
Mechanical Technology, Inc., Watertown, MA) with data collected at a rate of 100Hz for a 
30s duration using AMTI Balance Trainer software. Subjects were required to remove 
footwear and socks mid foot position was standardized. The same investigator issued 
instructions, performed foot placement and calibrated the force platform for all subjects. 
Before each of the balance trials subjects were asked to assume a comfortable 
stance on the force platform. Subjects were instructed to. place hands by their sides, focus 
on a visual target, aligned at eye level and located two metres in front of the platform, and 
remain as still as possible throughout the trial (Hoffman eta!., 1998; Lafond, 2004; Rogind 
et al., 2003). After a verbal signal from the subject indicating he or she was in a 
comfortable stance, on one or both limbs and with eyes open or closed as required, the trial 
was initiated. Single leg stance was performed with self selected hip and knee angles of the 
non-stance leg. Contact was not allowed between the non stance limb and the stance. limb. 
Toe touches of the non-stance limb on the force plate were allowed. Subjects performed 
three trials with their eyes open and three with their eyes closed for each standing 
condition. Subjects were allowed recovery periods by assuming a bipedal stance for up to 
45 seconds between trials (Birmingham, 2000; Burdet & Rougier, 2007; McGuine et a!., 
2000). 
Prior to commencing the study each subject completed a questionnaire regarding 
previous history of injmy and sports participation. The primary examiner also measured 
height, weight and determined leg dominance. Weight was assessed to the nearest 0.1 kg on 
a set of scales (Universal Weight Enterprise, Beijing, China). Height was measured to the 
nearest 1 mm using a wall-mounted stadiometer (Seca, Hanover, Germany). 
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4.2.3 Outcome Variables 
Dependent variables analyzed from the clinical trials were the average deviation of 
centre of pressure (COP) data in the mediolateral (X D Avg) and anterior-posterior (Y D 
A vg) directions relative to the centre of the base of support, total sway path length and 
average velocity as calculated by the operating software program (Balance Trainer). The 
reliability of these variables were established during pilot work and all variables were 
found to have moderate to excellent intratest and test-retest reliability (Intratest reliability: 
CV = 3.13%- 17.71 %; Test-retest reliability: CV = 5.00%- 21.38%; ICC= 0.49- 0.89). 
4.2.4 Leg Dominance 
Leg dominance was determined with the step up test, which is a functional test that 
has been implemented in previous research (Figura et al., 1991; Hoffman et al., 1998; 
Yaggie & Campbell, 2006). Three trials of the test were conducted. The leg that was used 
to perform the step up for the most trials was identified as the dominant limb. The step up 
test required the subject to step onto a 20cm high step. Subjects were also asked which leg 
they would use to kick a soccer ball; the leg chosen was a:lso classified as the dominant leg. 
4.2.5 Body Mass Index 
Body mass index (BMI) was derived from measures of height and weight using the 
following formula: 
BMI =weight (in kilograms) I height (in meters squared) 
BMI: W/H2 (Lee & Nieman, 2003, p. 179) 
Subjects were placed into one of three groups, depending on whether they were 
underweight (<18.50), normal weight (18.50 - 24.99) or overweight (2':25), based on their 
body mass index (National Heart, Lung and Blood Institute, 1998). 
4.2.6 Statistical Analysis 
Statistical analysis was performed using SPSS 14.0 for Windows (SPSS Inc, 
Seattle, W A, USA) and SigmaStat (Cranes Software International Pty Ltd, Melbourne, 
Australia). Means and standard deviations were used as measures of centrality and spread 
of data. Independent T tests were used to examine differences between gender and subjects 
with and without a history of recurrent lower limb injuries, and paired sample T tests were 
used to examine differences between dominant and non-dominant legs, and previously 
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injured and non-injured legs. When tests of normality and equal variances failed the Mann-
Whitney rank sum test was used. One way ANOVAs with Tukey post hoc tests were used 
to determine significant differences between age, BMI and sport specificity on all six 
assessment conditions. When tests of normality and equal variances failed the Kruskal-
Wallis one way analysis of variance on ranks with Dunn's method post hoc tests was used 
to examine significant differences between groups. Bonferroni adjustments were used for 
multiple comparisons. Statistical significance for the study was set at p < 0.05. 
4.3 Results 
The balance measures for male and female athletes as well as the total sample can 
be observed in Table 4.1. The average deviation in the mediolateral and anterior-posterior 
direction as well as path length and average velocity, were found to be significantly less (p 
< 0.05) in the females for a number of conditions as identified in Table 4.1. The percent 
difference between measures was mostly 11-12% the exception being the bilateral anterior-
posterior condition ( ~ 18% ). 
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Table 4.1 Measures of balance expressed as mean and standard deviations (SD) for males 
and females. 
X D Average (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
· -right leg eyes open 
-right leg eyes closed 
Y D Average (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Path Length (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Average Velocity (cm/s) 
Males 
Mean± SD 
n=44 
0.25 ± 0.10 
0.29 ± 0.11 
0.55 ± 0.08 
0.91 ± 0.24 
0.58 ± 0.09 
0.88 ± 0.21 
0.40 ± 0.21 
0.41 ± 0.13 
0.74 ± 0.16 
1.05 ± 0.25 
0.76 ± 0.15 
1.04 ± 0.25 
47.05 ± 10.43 
52.22 ± 12.07 
137.09 ± 30.96 
234.86 ± 57.78 
137.84 ± 27.61 
227.58 ± 60.87 
Females 
Mean± SD 
n= 41 
0.24 ± 0.08 
0.26 ± 0.11 
0.50 ± 0.10 a 
0.83 ± 0.21 
0.51 ± 0.08 a 
0.85 ± 0.20 
0.33 ± 0.10 a 
0.39 ± 0.13 
0.66±0.15a 
0.94 ± 0.22 a 
0.70 ± 0.16 
0.95 ± 0.24 
46.59 ± 6.65 
51.22 ± 8.42 
123.55 ± 24.82 
207.33 ± 46.33 a 
121.58 ± 20.48 a 
210.39 ± 48.41 
Total 
Mean± SD 
n= 85 
0.24 ± 0.09 
0.28 ± 0.11 
0.53 ± 0.09 
0.87 ± 0.22 
0.54 ± 0.09 
0.87 ± 0.20 
0.37 ± 0.17 
0.40 ± 0.13 
0.70 ± 0.16 
1.00 ± 0.24 
0.73 ± 0.16 
1.00 ± 0.25 
46.83 ± 8.77' 
51.74 ± 10.42 
130.56 ± 28.81 
221.58 ± 54.06 
130.00 ± 25.63 
219.29 ± 55.56 
-bilateral eyes open 1.57 ± 0.35 1.54 ± 0.25 1.55 ± 0.30 
-bilateral eyes closed 1.74 ± 0.40 1.71 ± 0.28 1.73 ± 0.35 
-left leg eyes open 4.57 ± 1.03 4.12 ± 0.83 4.35 ± 0.96 
-left leg eyes closed 7.83 ± 1.93 6.91 ± 1.54 a 7.39 ± 1.80 
-right leg eyes open 4.60 ± 0.92 4.05 ± 0.68 a 4.34 ± 0.85 
-rightJeg eyes closed 7.59 ± 2.03 7.02 ± 1.62 7.31 ± 1.85 
SD - Standard deviation; n - number of subjects; X D Average - the average deviation of 
the mediolateral data from the center of the base of support; Y D Average - the average 
deviation of the anterior-posterior data from the center of the base of support; em -
centimeters; cm/s- centimeters per second. 
a- females significantly lower than males p<0.05. 
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The balance measures for athletes of different ages ranging from 12 to 17 years are 
detailed in Table 4.2. The most notable finding was that the average deviation in the 
mediolateral direction as well as path length and average velocity, were found to be 
significantly less in the 15 years old group for single leg stance conditions with eyes open 
as identified in Table 4.2. The percent difference between measures was 13-14%. 
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Table 4.2 Measures of balance expressed as mean and standard deviations (SD) for 12-17 
year olds. 
Variables 
X D Average (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Y D Average (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Path Length (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Average Velocity 
(cm/s) 
12- 13 years 
Mean± SD 
n= 19 
0.24 ± 0.09 
0.27 ± 0.08 
0.54 ± 0.09 
0.95±0.18 
0.58 ± 0.08 
0.93 ± 0.15 
0.36 ± 0.11 
0.42 ± 0.12 
0.68 ± 0.13 
1.02 ± 0.24 
0.69 ± 0.13 
0.93 ± 0.15 
50.70 ± 9.39 
55.70 ± 10.30 
138.21 ± 31.28 
242.17 ± 51.30 
137.88 ± 25.35 
232.80 ± 55.13 
14 years 
Mean± SD 
n= 23 
0.22 ± 0.07 
0.27 ± 0.09 
0.54 ± 0.08 
0.88 ± 0.22 
0.56 ± 0.08 
0.90 ± 0.22 
0.34 ± 0.10 
0.41 ± 0.13 
0.69 ± 0.16 
0.96 ± 0.18 
0.69 ± 0.12 
0.99 ± 0.26 
46.90 ± 6.56 
52.08 ± 10.01 
129.79 ± 21.95 
211.70 ± 49.13 
130.68 ± 23.70 
222.13 ± 46.62 
15 years 
Mean± SD 
n=27 
0.24 ± 0.08 
0.29 ± 0.12 
0.48 ± 0.09 
0.79 ± 0.23 
0.50 ± 0.10 
0.79 ± 0.25 
0.36 ± 0.12 
0.38 ± 0.13 
0.71 ± 0.15 
1.00 ± 0.25 
0.76 ± 0.18 
1.02 ± 0.26 
44.32 ± 7.07 
50.37±11.18 
123.96 ± 24.66 
211.0 ± 53.28 
120.48 ± 22.55 a 
203.22 ± 54.89 
-·~--
16- 17 years 
Mean± SD 
n= 16 
0.27 ± 0.12 
0.29 ± 0.15 
0.56 ± 0.10 
0.91 ± 0.24 
0.56 ± 0.09 
0.87 ± 0.11 
0.42 ± 0.31 
0.39 ± 0.15 
0.72 ± 0.20 
1.02 ± 0.31 
0.77 ± 0.19 
1.03 ± 0.30 
46.35 ± 12.01 
48.87 ± 9.24 
133.71 ± 39.38 
228.84 ± 61.75 
134.32 ± 30.41 
226.28 ± 66.85 
-bilateral eyes open 1.65 ± 0.36 1.56 ± 0.22 1.48 ± 0.24 1.55 ± 0.40 
-bilateral eyes closed 1.86 ± 0.34 1.74 ± 0.33 1.68 ± 0.37 1.63 ± 0.31 
-left leg eyes open 4.61 ± 1.04 4.33 ± 0.73 4.13 ± 0.82 4.46 ± 1.31 
-left leg eyes closed 8.07 ± 1.71 7.06 ± 1.64 7.04 ± 1.78 7.63 ± 2.06 
-right.leg eyes open 4.60 ± 0.85 4.36 ± 0.79 4.02 ± 0.75 4.50 ± 1.01 
~g eyes closed __ :ZJ7 ± 1.84 7.40 ± 1.55 6.77 ± 1.83 7.54 ± 2.23 
SD - Standard deviation; n - number of subjects; X D Average - the average deviation of 
the mediolateral data from the center of the base of support; Y D Average - the average 
deviation of the anterior-posterior data from the center of the base of support; em -
centimeters; cm/s- centimeters per second. 
a- subjects aged 15 years significantly lower than subjects aged 12- 13 years p<0.05. 
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The balance measures ·for dominant and non-dominant legs are described in Table 
4.3. The average deviation in the anterior-posterior direction was found to be significantly 
less in the non-dominant leg for conditions with eyes open as identified in Table 4.3. The 
percent difference between measures was 4%. All other measures were found to differ 
non-significantly. 
Table 4.3 Measures of balance expressed as mean and standard deviations (SD) for 
dominant and non-dominant 
X D Average (em) 
-eyes open 
-eyes closed 
Y D Average (em) 
-eyes open 
-eyes closed 
Path Length (em) 
-eyes open 
-eyes closed 
Average Velocity ( cm/s) 
Dominant leg 
Mean± SD 
n= 85 
0.54 ± 0.09 
0.87 ± 0.19 
0.73 ± 0.16 
1.00 ± 0.25 
129.79 ± 26.05 
220.85 ± 55.38 
Non-dominant leg 
Mean± SD 
n= 85 
0.53 ± 0.09 
0.87 ± 0.23 
0.70 ± 0.16 a 
0.99 ± 0.24 
130.77 ± 28.43 
219.58 ± 53.76 
-eyes open 4.33 ± 0.87 4.36 ± 0.95 
-eyes closed 7.36 ± 1.85 7.32 ± 1.79 
SD - Standard deviation; n -number of subjects; X D Average - the average deviation of 
the mediolateral data from the center of the base of support; Y D Average - the average 
deviation of the anterior-posterior data from the center of the base of support; em -
centimeters; cm/s- centimeters per second. 
a- non-dominant leg significantly lower than dominant leg p<0.05. 
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The balance measures for athletes with and without recurrent lower limb injuries 
can be observed in Table 4.4. The average deviation in the anterior-posterior direction was 
found to be significantly less in the non-injured group for bilateral (14%) and right leg (9%) 
stance conditions with eyes open as identified in Table 4.4. No other significant differences 
were found between legs. 
Table 4.4 Measures of balance expressed as mean and standard deviations (SD) for 
children with and without recurrent 
Variables Recurrent injuries 
Mean± SD 
X D Average (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Y D Average (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Path Length (em) 
-bilateral eyes open 
-bilateral eyes closed 
-left leg eyes open 
-left leg eyes closed 
-right leg eyes open 
-right leg eyes closed 
Average Velocity (cm/s) 
n=37 
0.25 ± 0.09 
0.28 ± 0.12 
0.52±0.10 
0.89 ± 0.23 
0.56 ± 0.09 
0.90 ± 0.21 
0.41 ± 0.22 
0.43±0.14 
0.71±0.15 
0.99 ± 0.28 
0.77±0.16 
0.99 ± 0.22 
47.33 ± 9.76 
52.04 ± 11.34 
131.49 ± 30.67 
229.27 ± 61.91 
134.98 ± 28.00 
229.03 ± 63.08 
No injuries 
Mean± SD 
n=48 
0.23 ± 0.08 
0.27 ± 0.10 
0.53 ± 0.09 
0.86 ± 0.22 
0.53 ± 0.09 
0.84 ± 0.20 
0.33 ± 0.09 
0.37 ± 0.12 a 
0.69 ± 0.17 
1.00 ± 0.21 
0.70 ± 0.15 a 
1.00 ± 0.27 
46.44 ± 8.00 
51.51 ± 9.77 
129.84 ± 27.61 
215.65 ± 46.96 
126.15 ± 23.21 
211.78 ± 48.34 
-bilateral eyes open 1.58 ± 0.33 1.53 ± 0.28 
-bilateral eyes closed 1.73 ± 0.38 1.72 ± 0.33 
-left leg eyes open 4.38 ± 1.02 4.33 ± 0.92 
-left leg eyes closed 7.64 ± 2.06 7.19 ± 1.57 
-right leg eyes open 4.51 ± 0.93 4.21 ± 0.77 
-right leg eyes closed 7.63 ± 2.10 7.06 ± 1.61 
SD - Standard deviation; n - number of subjects; X D Average - the average deviation of 
the mediolateral data from the center of the base of support; Y D Average - the average 
deviation of the anterior-posterior data from the center of the base of support; em -
centimeters; cm/s- centimeters per second. 
a - subjects with no injuries significantly lower than subjects with recurrent injuries 
p<0.05. 
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The balance measures for athletes from different sports can be observed in Table 
4.5. The average deviation in the anterior-posterior direction was found to be significantly 
less in sailors compared to athletes from badminton (32%) and track and field (25%), for 
the left leg stance with eyes open condition as identified in Table 4.5. No other significant 
differences were found for the other comparisons. 
45 
+:
:-
0
'\
 
T
ab
le
 4
.5
 M
ea
su
re
s 
o
f b
al
an
ce
 e
x
pr
es
se
d 
as
 m
e
a
n
 a
n
d 
st
an
da
rd
 d
ev
ia
tio
ns
 (S
D)
 fo
r c
hi
ld
re
n 
pa
rti
ci
pa
tin
g 
in
 d
iff
er
en
t s
po
rts
. 
V
ar
ia
bl
es
 
B
ad
m
in
to
n 
B
ow
lin
g 
N
et
ba
ll 
Sa
ili
ng
 
So
cc
er
 
Tr
ac
k 
& 
fie
ld
 
M
ea
n±
SD
 
M
ea
n±
SD
 
M
ea
n±
SD
 
M
ea
n±
SD
 
M
ea
n±
SD
 
M
ea
n±
SD
 
n
=
5 
n
=
 1
7 
n
=
27
 
n
=
 1
3 
n
=
 1
0 
n
=
 1
3 
X
 D
 A
ve
ra
ge
 (e
m)
 
-
bi
la
te
ra
l e
ye
s o
pe
n 
0.
28
 ±
 0
.1
4 
0.
24
± 
0.
10
 
0.
25
 ±
 0
.0
9 
0.
23
 ±
 0
.0
5 
0.
20
± 
0.
05
 
2.
66
 ±
 0
.1
0 
-
bi
la
te
ra
l e
ye
s 
cl
os
ed
 
0.
32
 ±
 0
.1
3 
0.
26
 ±
 0
.1
3 
0.
28
 ±
 0
.1
1 
0.
26
± 
0.
07
 
0.
26
 ±
 0
.1
2 
0.
30
 ±
 0
.1
1 
-
le
ft 
le
g 
ey
es
 o
pe
n 
0.
59
 ±
 0
.0
9 
0.
54
 ±
 0
.0
8 
0.
51
 ±
 0
.1
0 
0.
52
 ±
 0
.1
2 
0.
48
 ±
 0
.0
6 
0.
56
 ±
 0
.0
7 
-
le
ft 
le
g 
ey
es
 c
lo
se
d 
0.
95
 ±
 0
.1
8 
0.
82
 ±
 0
.1
8 
0.
88
 ±
 0
.1
9 
0.
87
 ±
 0
.2
6 
0.
89
 ±
 0
.2
6 
0.
88
 ±
 0
.3
0 
-
rig
ht
 le
g 
ey
es
 o
pe
n 
0.
60
 ±
 0
.1
2 
0.
55
 ±
 0
.0
9 
0.
51
 ±
 0
.0
8 
0.
53
 ±
 0
.1
0 
0.
57
 ±
 0
.0
9 
0.
57
 ±
 0
.0
8 
-
rig
ht
 le
g 
ey
es
 c
lo
se
d 
0.
88
 ±
 0
.1
5 
0.
76
 ±
 0
.1
8 
0.
90
 ±
 0
.2
0 
0.
81
 ±
 0
.1
8 
0.
98
 ±
 0
.3
0 
0.
89
 ±
 0
.1
4 
Y
 D
 A
ve
ra
ge
 (e
m)
 
-
bi
la
te
ra
l e
ye
s 
o
pe
n 
0.
62
 ±
 0
.5
0 
0.
33
 ±
 0
.0
8 
0.
32
 ±
 0
.1
0 
0.
37
 ±
 0
.1
0 
0.
36
 ±
 0
.1
3 
0.
41
 ±
 0
.1
6 
-
bi
la
te
ra
l e
ye
s 
cl
os
ed
 
0.
49
 ±
 0
.2
3 
0.
38
 ±
 0
.1
1 
0.
39
 ±
 0
.1
3 
0.
38
 ±
 0
.1
2 
0.
34
 ±
 0
.0
8 
0.
47
 ±
 0
.1
3 
-
le
ft 
le
g 
ey
es
 o
pe
n 
0.
79
 ±
 0
.1
7 
0.
72
± 
0.
20
 
0.
66
 ±
 0
.1
4 
0.
71
 ±
 0
.1
6 
0.
71
 ±
 0
.1
3 
0.
70
 ±
 0
.1
6 
-
le
ft 
le
g 
ey
es
 c
lo
se
d 
1.
23
 ±
 0
.3
4 
1.
01
 ±
 0
.2
4 
0.
99
 ±
 0
.2
0 
0.
84
 ±
 0
.1
9 
0.
95
 ±
 0
.2
3 
1.
12
 ±
 0
.2
6 
-
rig
ht
 le
g 
ey
es
 o
pe
n 
0.
80
 ±
 0
.1
4 
0.
75
 ±
 0
.1
6 
0.
72
±0
.1
7 
0.
70
 ±
 0
.1
5 
0.
72
 ±
 0
.1
6 
0.
74
 ±
 0
.1
6 
-
rig
ht
 le
g 
ey
es
 c
lo
se
d 
1.
04
 ±
 0
.3
1 
1.
06
 ±
 0
.3
3 
1.
00
 ±
 0
.2
2 
0.
87
 ±
 0
.2
1 
1.
02
 ±
 0
.1
9 
0.
99
 ±
 0
.2
1 
+:>
. 
-
.
l 
T
ab
le
 4
.5
 c
o
n
t. 
M
ea
su
re
s 
o
f b
al
an
ce
 e
x
pr
es
se
d 
as
 m
ea
n
 a
n
d 
st
an
da
rd
 d
ev
ia
tio
ns
 (S
D)
 fo
r c
hi
ld
re
n 
pa
rti
ci
pa
tin
g 
in
 d
iff
er
en
t s
po
rts
. 
V
ar
ia
bl
es
 
Pa
th
 L
en
gt
h 
(em
) 
-
bi
la
te
ra
l e
ye
s 
o
pe
n 
-
bi
la
te
ra
l e
ye
s 
cl
os
ed
 
-
le
ft 
le
g 
ey
es
 o
pe
n 
-
le
ft 
le
g 
ey
es
 c
lo
se
d 
-
rig
ht
 le
g 
ey
es
 o
pe
n 
-
rig
ht
 le
g 
ey
es
 c
lo
se
d 
A
ve
ra
ge
 V
el
oc
ity
 
(cm
/s)
 
B
ad
m
in
to
n 
M
ea
n±
SD
 
n
=
5 
56
.4
2 
±
 1
8.
75
 
57
.5
5 
±
 1
0.
88
 
15
3.
53
 ±
 3
4.
46
 
25
7.
24
 ±
 5
3.
75
 
14
5.
62
 ±
 3
9.
00
 
22
8.
49
 ±
 7
6.
53
 
B
ow
lin
g 
M
ea
n±
 S
D 
n
=
 1
7 
44
.8
2 
±
 7
.2
3 
48
.7
8 
±
 1
2.
13
 
12
4.
33
 ±
 2
2.
78
 
20
2.
58
 ±
 4
1.
60
 
12
5.
19
 ±
 2
1.
12
 
20
3.
67
 ±
 4
2.
65
 
N
et
ba
ll 
M
ea
n±
 S
D 
n
=
27
 
46
.6
6 
±
 7
.2
3 
52
.7
3 
±
 9
.4
4 
12
6.
4 7
 ±
 2
4.
54
 
21
9.
24
 ±
 4
6.
90
 
12
5.
88
 ±
 2
2.
57
 
22
3.
27
 ±
 5
0.
56
 
Sa
ili
ng
 
M
ea
n±
 S
D 
n
=
 1
3 
50
.7
1 
±
 9
.0
6 
56
.4
3 
±
 1
0.
96
 
14
6.
86
 ±
 4
7.
58
 
22
3.
70
 ±
 6
7.
72
 
13
1.
37
±3
2.
33
 
21
4.
74
 ±
 7
6.
09
 
So
cc
er
 
M
ea
n±
 S
D 
n
=
 1
0 
44
.7
4±
 5.
64
 
49
.8
1 
±
 1
2.
13
 
12
8.
91
 ±
 1
5.
36
 
23
5.
14
 ±
 5
9.
35
 
14
1.
17
±2
6.
98
 
24
3.
36
 ±
 5
3.
99
 
Tr
ac
k 
& 
fie
ld
 
M
ea
n±
SD
 
n
=
 1
3 
43
.8
3 
±
 7
.61
 
48
.1
2 
±
 9
.91
 
12
3.
33
 ±
 1
7.
84
 
22
5.
02
 ±
 6
3.
01
 
12
8.
84
 ±
 2
2.
82
 
21
3.
95
 ±
 5
2.
58
 
-
bi
la
te
ra
l e
ye
s 
o
pe
n 
1.
88
 ±
 0
.6
2 
1.
49
 ±
 0
.2
4 
1.
53
 ±
 0
.2
7 
1.
69
 ±
 0
.3
0 
1.
49
 ±
 0
.1
9 
1.
46
 ±
 0
.2
5 
-
bi
la
te
ra
l e
ye
s 
cl
os
ed
 
1.
92
 ±
 0
.3
6 
1.
63
 ±
 0
.4
0 
1.
76
 ±
 0
.31
 
1.
88
 ±
 0
.3
7 
1.
66
 ±
 0
.2
5 
1.
60
 ±
 0
.3
3 
-
le
ft 
le
g 
ey
es
 o
pe
n 
5.
12
 ±
 1
.1
5 
4.
14
 ±
 0
.7
6 
4.
22
 ±
 0
.8
2 
4.
90
 ±
 1
.5
9 
4.
30
 ±
 0
.51
 
4.
11
 ±
 0
.5
9 
-
le
ft 
le
g 
ey
es
 c
lo
se
d 
8.
57
 ±
 1
.7
9 
6.
75
 ±
 1
.3
9 
7.
31
 ±
 1
.5
6 
7.
46
 ±
 2
.2
6 
7.
84
 ±
 1
.9
8 
7.
50
 ±
 2
.1
0 
-
rig
ht
 le
g 
ey
es
 o
pe
n 
4.
91
 ±
 1
.2
7 
4.
17
 ±
 0
.7
0 
4.
20
 ±
 0
.7
5 
4.
28
 ±
 1
.0
8 
4.
71
 ±
 0
.9
0 
4.
29
 ±
 0
.7
6 
-
rig
ht
 le
g 
ey
es
 c
lo
se
d 
7.
62
 ±
 2
.5
5 
6.
79
 ±
 1
.4
2 
7.
45
 ±
 1
.6
9 
7.
16
 ±
 2
.5
4 
8.1
1 
±
 1
.8
0 
7.
13
 ±
 1
.7
5 
SD
 -
St
an
da
rd
 d
ev
ia
tio
n;
 n
 ·-
n
u
m
be
r o
f s
u
bje
cts
; X
 D
 A
ve
ra
ge
 -
th
e 
av
er
ag
e 
de
vi
at
io
n 
o
f t
he
 m
ed
io
la
te
ra
l d
at
a 
fro
m
 th
e 
ce
n
te
r 
o
f t
he
 b
as
e 
o
f 
su
pp
or
t; 
Y
 D
 A
ve
ra
ge
 -
th
e 
av
er
ag
e 
de
vi
at
io
n 
o
f t
he
 a
n
te
rio
r-
po
st
er
io
r d
at
a 
fro
m
 th
e 
ce
n
te
r 
o
f t
he
 b
as
e 
o
f s
u
pp
or
t; 
em
 -
ce
n
tim
et
er
s; 
cm
/s 
-
ce
n
tim
et
er
s p
er
 se
co
n
d.
 
The body mass index ·(BMI) of subjects was calculated however, due to an 
inadequate number of underweight (BMI < 18.50; n = 8) and overweight (BMI 2': 25; n = 3) 
subjects, statistical analysis was not completed. 
4.4 Discussion 
4.4.1 Factors Influencing Balance 
One aim of the present study was to assess the influence of gender, age, BMI, leg 
dominance, recurrent lower limb injuries and sports participation specificity on static 
balance assessment. Due to the abundance of test protocols and outcome variables available 
for assessing static balance, it is difficult to compare the data developed in this study to the 
little research that has investigated balance in the general and athletic pediatric populations. 
Nonetheless comparisons are made where possible. 
The comparison between gender resulted in the girls exhibiting better balance 
ability than boys based on a number of variables as shown in Table 4.1. Similar results 
were reported by Lee and Lin, (2007) with boys having significantly less postural stability 
during single leg stance than girls. They suggested that these differences may be due to the 
larger body weight and the moment of inertia for the boys (Lee & Lin, 2007). Previous 
studies on children aged between 5-7 years old and 9-1 0-years old have also found similar 
results, with girls being found to have significantly better balance ability than boys 
(Fjortoft, 2000; Geldhof et al., 2006). In the present study the boys had a larger body 
weight than the girls which may be the cause of the differences in balance. However, there 
were no significant differences in body mass index (BMI) between the boys and girls so 
relative to height the weight of the boys and girls was similar. It is possible that the sensory 
system of girls develops faster than boys or that the differences in gender are the result of 
boys at this age using a different balance control strategy to girls (Geldhof et al., 2006). 
Significant differences were found between age groups with the 15 year olds having 
significantly better balance than the 12 and 13 year olds .during the single-leg stance 
condition on the right leg, in the measure of average deviation of the mediolateral data from 
the center of the base of support as shown in Table 4.2. The results of this study suggest 
that bilateral balance ability is mature by 12 to 13 years of age and that single-leg balance 
ability has not reached full maturation by the age of 12 and 13 years. Some researchers 
have suggested that while changes in stature as children grow may affect balance ability to 
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a degree, the development of the visual, vestibular, and somatosensory systems may 
explain age-related changes in balance ability to a greater extent (Cherng & Chen, 2001; 
Geldhof et al., 2006; Nolan, 2005). However, there is conjecture in the literature over the 
age at which the sensory systems mature to adult level (Cherng & Chen, 2001). Some 
believe that adult like maturity is developed by seven to ten years (Westcott, 1997), while 
others have found improvements in single leg static balance ability up to the age of 18 years 
(Largo et al., 2001). Hirabayashi and Iwasaki (1995) reported that the somatosensory 
system reaches maturity by the age of 3 or 4 years, the visual system reaches maturity by 15 
years of age and the vestibular system does not reach adult-like levelsuntil15 years of age. 
This may explain the differences observed between the group of 12 and 13 year olds and 
the group of 15 year olds during single leg balance in the current study. 
This study found that the only significant difference between balance ability on the 
dominant and non-dominant legs was the average deviation of the anterior-posterior data 
from the center of the base of support during eyes open stance (p<0.05) as shown in Table 
4.3. However, the standardized difference between the mean values is 0.18 which is trivial 
based on Cohen's scale of magnitudes (Cohen, 1988, p. 24, 83). The clinical utility of this 
finding is problematic as there was no significant difference in any of the other three 
variables used to assess balance ability during this condition. Previous studies have also 
found no difference between dominant and non-dominant legs (Clark, 1984; Hoffman et al., 
1998; McCurdy & Langford, 2006). This information is significant for those dealing with 
rehabilitation following an injury to the lower limbs. Balance tests are commonly 
implemented in order to assess rehabilitation progress using the uninjured limb as the 
standard for the injured limb (Hoffman et al., 1998; Schmitz, 1998). If differences between 
the legs were present prior to injury and rehabilitation this method of assessment would not 
be suitable. As the results of this study show that there were no differences between the 
dominant and non-dominant legs, the comparison between legs would seem an appropriate 
measure of rehabilitation progress. 
The only significant differences found between subjects who had recurrent lower 
limb injuries and those who did not were found in the measure of the average deviation of 
the anterior-posterior data from the centre of the base of support during bilateral stance with 
eyes closed (p<0.05) and right leg stance with eyes open (p<0.05) as shown in Table 4.4. 
Subjects with no history of lower limb injuries had a lower average deviation than subjects 
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with recurrent lower limb injuries. As there were no other significant differences in any of 
the other variables or in any other conditions the practical and clinical significance of the 
findings are unclear. Also, no significant differences were found between the previously 
injured and non-injured legs of subjects. Previous research has found that static balance 
ability is diminished in subjects who have recurrent lower limb injuries (Hoffman & 
Nakagawa, 2004). Ross and Guskiewicz (2004) found that subjects with stable ankles took 
significantly less time to stabilize after a single leg jump landing than subjects with 
functionally unstable ankles. However, the same differences were not detected between 
groups when using a measure of average sway during single-leg stance (Ross & 
Guskiewicz, 2004). It is possible that a static balance test is not challenging enough for 
subjects with recurrent lower limb injuries to allow differences between them and subjects 
with no history of lower limb injuries to be deduced. 
The comparison between balance measures and sport participation found no sport-
specific differences (see Table 4.5). Hahn et al., (1999) found that single-leg balance 
ability was positively associated with years of participation in basketball. Bressel et al., 
(2007) found that basketball players had inferior static balance compared to soccer players 
and that gymnasts and soccer players had similar balance ability. Bressel and colleagues 
suggested that this was due to differences in the sensorimotor challenges imposed by each 
sport (Bressel et al., 2007). It is also possible that differences between sports are a result of 
differences in the amount of balance training performed as this has been shown to improve 
balance (Emery, 2005; Yaggie & Campbell, 200.6). 
4.4.2c0utcome Variables 
Measures of average deviation of the centre of pressure data in the mediolateral and 
anterior-posterior directions, total path length and average velocity were used to assess 
balance in this study. Different variables are thought to measure different aspects of balance 
control (Goldie et al., 1989). Centre of pressure variability is believed to be a measure of 
central postural control mechanisms (Murray et al., 1975) and differences in the velocity of 
sway path may be caused by the postural control strategy used in order to maintain postural 
stability (Riach & Starkes, 1994). In the present study the measure of average deviation of 
the centre of pressure data in the anterior-posterior direction seemed to be the most 
sensitive variable ih terms of finding differences between groups. This may mean that 
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differences in the maturity of central postural control systems lead to greater differences in 
balance ability than differences between postural control strategies. When assessing 
balance it is important to consider the information that is required before choosing which 
outcome measures are used (LeClair & Riach, 1996). 
4.4.3 Normative Data 
As a result of this study normative data has been developed for static balance in 
male and female athletes from a range of sports, aged 12 to 17 years old (as shown in 
Tables 4.1 - 4.5). This data will enable coaches and trainers of pediatric athletes to identify 
individuals who are at risk of injury due to poor balance. As improvements in balance 
ability over age are thought to be due to the development of the sensory systems, normative 
data would allow the sensory development of individuals to be compared to others of the 
same age. This data is based on the balance ability of athletic children aged 12 to 17 years 
and therefore it may not be directly applicable to other populations. 
Due to the lack of normative data available for static balance in the pediatric 
population and the number of different tests and outcome variables used to assess balance it 
is hard to compare the data developed in this study to normative data developed for the 
general pediatric population. Wolff et al., (1998) developed normative data for postural 
sway measures obtained on a force plate in children aged 5 to 18 years. They found that 
average velocity improved with age ranging from 0.87 ± 0.25 to 1.30 ± 0.31 cm-1 for 
bilateral stance with eyes open compared to 1.48 ± 0.24 to 1.65 ± 0.36 cm-1 for the same 
condition in the present study. Large differences were also found between studies in 
average velocity measures during bilateral stance with eyes closed. Values from the study 
by Wolffet al., (1998) again improved with age ranging from 1.13 ± 0.33 to 1.85 ± 5.2 cm-1 
compared with 1.63 ± 0.31 to 1.86 ± 0.34 cm-1 in the present study. Although there is a 
large difference in results between the studies they used similar procedures with trials of 30 
seconds duration performed bare foot on a force plate. The only difference in procedure 
between the studies is foot position. In the present study subjects were positioned in a 
closed stance with feet approximately 10 em apart whereas Wolff et al., (1998) had subjects 
standing with feet shoulder width apart. This would increase the base of support which may 
account for the better average velocity values found in the bilateral condition. 
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4.4.4 Conclusion 
Measures of average deviation of the centre of pressure data in the mediolateral and 
anterior-posterior directions, total path length and average velocity were used to assess 
balance. The measure of average deviation of the centre of pressure data in the anterior-
posterior direction seemed to be the most sensitive variable in terms of finding differences 
between groups. With regards to the sample investigated, balance ability was shown to be 
superior in girls, and improved with age from 12 and 13 years to 15 years for some 
measures and conditions. In the majority of assessment variables, no significant differences 
in balance ability were found between dominant and non-dominant legs, subjects 
participating in different sports or subjects with and without recurrent lower limb injuries. 
The results of this study provide normative information for coaches, trainers and clinicians 
who work with athletic children as static balance assessments are commonly used in the 
athletic pediatric population. Differences in gender and age need to be taken into account 
when assessing improvements in balance following balance training, or identifying 
individuals who are at risk of injury due to poor balance. It is also important to note that 
using the uninjured limb as the standard when assessing rehabilitation progress following a 
lower limb injury seems to be an appropriate practice. 
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CHAPTER 5 SUMMARY AND RECOMMENDATIONS FOR FURTHER 
RESEARCH 
5.1 Summary 
In summary, it was found that total path length, average velocity, the average 
deviation of the mediolateral centre of pressure from the centre of the base of support and 
the average deviation of the anterior-posterior centre of pressure from the centre of the base 
of support were the most reliable measures both within and between tests for an athletic 
pediatric population. Assessing balance ability of athletes aged 12 to 17 years using these 
variables showed that for some conditions balance ability was superior in girls, and 
improved with age from 12-13 years to 15 years. For the majority of assessment variables, 
no significant differences in balance ability were found between dominant and non-
dominant legs, subjects participating in different sports or subjects with and without 
recurrent lower limb injuries. The results of this study provide normative information for 
coaches, trainers and clinicians who work with ath,letic children as static balance 
assessments are commonly used in the athletic pediatric population. Differences in gender 
and age need to be taken into account when assessing improvements in balance following 
balance training, or identifying individuals who are at risk of injury due to poor balance. It 
is also important to note that using the uninjured limb as the standard when assessing 
rehabilitation progress following a lower limb injury seems to be an appropriate practice 
given the symmetry between limbs. 
5.2 Recommendations for Further Research 
On the basis of findings from the present study it is recommended that any future 
research assessing balance takes into account the fact that differences occur based on age 
and gender. Further research is needed to examine the influence of gender, age and BMI on 
static balance in pediatric athletes in order to gain a greater understanding as to why 
differences in balance ability occur between groups. Research should also be undertaken to 
further assess the reliability of balance assessments and outcome variables and also to 
clarify what different postural sway variables (e.g. centre of pressure excursion; sway 
velocity) are actually measuring (e.g. maturity of central postural control systems; use of 
different postural control strategies). It is important to remember that different variables 
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assess different aspects of postural control and this must be taken into account when 
choosing variables to assess balance. However, the measure of average deviation of the 
centre of pressure data in the anterior-posterior direction seemed to be the most sensitive 
variable in terms of finding differences between groups and may therefore be a suitable 
variable to assess balance in future studies. Poor reliability values recorded for certain 
variables may be due to the inherent variability in balance performance and not necessarily 
attributed to the test protocol itself. Those interested in balance assessment need to be 
cognizant of this and quantify the reliability of the balance measures used specific to the 
sample of interest. 
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APPENDIX A 
INFORMATION LETTER TO PARTICIPANTS EDITH CO'WAN 
Project Title 
Assessment of Static Balance Ability in an Athletic Pediatric Population 
Purpose 
The aim of this project is to quantify the reliability associated with performing static 
balance tests on a force plate. This project also aims to examine the influence of age, 
gender, leg dominance, body mass index, previous lower limb injury and sport participation 
specificity on balance ability. 
Background 
Balance, which has been defined as the ability to maintain stability by keeping the centre of 
pressure over the base of support with minimal sway, has been demonstrated to be 
impotiant for performing fundamental motor skills, therefore it is a vital element in 
everyday life. Given the impotiance of balance during static and dynamic movement it is 
impmiant to have tests that are valid and reliably assess balance. There is a large amount of 
conjecture surrounding the reliability of methods of balance assessment and the outcome 
variables used to assess balance. Therefore there is a need for further research in order to 
develop standardized and reliable methods of static balance assessment. There has also 
been limited research conducted on the balance ability of an athletic pediatric population, 
and the factors which may ·affect that ability. The results of this research could have 
positive implications for clinicians, who wish to assess rehabilitation progress following a 
lower limb injury, and coaches and trainers who wish to assess the balance ability of their 
athletes, and monitor improvements following balance training. 
Methods 
This study will involve subjects participating in a balance assessment consisting of six 
conditions: 
• Bilateral stance with eyes open 
• Bilateral stance with eyes closed 
• Unilateral stance (left leg) with eyes open 
• Unilateral stance (left leg) with eyes closed 
• Unilateral stance (right leg) with eyes open 
• Unilateral stance (right leg) with eyes closed 
Three trials will be completed for each condition. Each trial will last 30 seconds. A retest 
session, consisting of the same methods as the original session, will take place one week 
after the original testing session. This will allow the reliability of the assessment protocols 
to be quantified. 
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Measurements 
Prior to beginning the tests participants' age, height, weight, sport participation and past 
history of lower limb injuries will be recorded. This study will use an AMTI force plate to 
assess the static balance of individuals and compare the standard units of measurement used 
in this field. The variables include average displacement of centre of pressure in the 
mediolateral and anterior-posterior directions relative to both the centre of the plate, and the 
centre of the base of support, peak to peak displacement in the mediolateral and anterior-
posterior directions, total sway path length, average velocity and area of the 95th percentile 
ellipse. 
Standard reliability measures (% change in the mean, coefficient of variation and intraclass 
correlation coefficients) will be used to quantify the reliability of the dependent variables of 
interest. 
Risl{S 
There is a risk (minimal) of the participant losing balance during the eye closed conditions 
and falling during the test. Someone will be situated behind the participant to protect them 
if they lose their balance. 
Benefits 
Participants will gain insight into the research process. Participants will also gain 
information about the quality of their own balance. 
Confidentiality 
Confidentiality will be maintained by removing participants' names from the associated 
data files. Only the primary investigator will be aware of which participant corresponds to 
which data set and the results will be stored on a password protected computer. Data 
analysis will be performed on the entire subject pool so results will be expressed as a group 
mean. The primary investigator and supervisor will be the only people to have access to the 
raw data. Original data will be kept for a period of five years, and subsequently erased from 
the computer's hard drive. 
Contacting the Investigator 
I am happy to answer any questions you may have at this time. If you have any queries 
later, please do not hesitate to contact Miss Cailyn Rogers at (08) 6304 5879, email 
c.rogers@ecu.edu.au. 
If you have any concerns or complaints about the research project and wish to talk to an 
independent person, you may contact: 
Research Ethics Officer 
Human Research Ethics Officer 
Edith Cowan University 
100 Joondalup Drive 
JOONDALUP W A 6027 
Phone: (08) 6304 2170 Email: research.ethics@ecu.edu.au 
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Feedback 
All participants will be provided with test results as soon as they are available. A summary 
of study results will be made available to all interested participants upon completion of the 
trial. 
Voluntary Participation 
Whether you decide to participate in the study or not, your decision will not prejudice you 
in any way. If you do decide to participate, you are free to withdraw your consent and 
discontinue your involvement at any time. 
Privacy statement 
The information collected during this research is confidential and will not be disclosed to 
third parties without your consent, except to meet government, legal or other regulatory 
authority requirements. A de-identified copy of this data may be used for other research 
purposes. However, your anonymity will at all times be safeguarded. 
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APPENDIXB 
INFORMED CONSENT FORM 
Project Title 
Assessment of Static Balance Ability in an Athletic Pediatric Population 
I have read the information sheet and the consent form. I agree to participate in the study 
entitled 'Assessment of Static Balance Ability in an Athletic Pediatric Population' and give 
my consent freely. I understand that the study will be carried out as described in the 
information sheet, a copy of which I have retained. I realise that whether or not I decide to 
participate is my decision. I also realise that I can withdraw from the study at any time and 
that I do not have to give any reasons for withdrawing. I have had all questions answered to 
my satisfaction. 
Date: 
------------------------- ----------------
Participant 
-------------------------Date: ______________ _ 
Parent/Guardian 
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